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Abstract. The low-energy eective theory of nuclear physics based on chi-
ral symmetry is reviewed. Topics discussed include the nucleon-nucleon force,
few-body potentials, isospin violation, pion-deuteron scattering, proton-neutron
radiative capture, pion photoproduction on the deuteron, and pion production
in proton-proton collisions.
INTRODUCTION
Although studies of its perturbative regime show that QCD is the theory of
strong interactions, most of the structures of nuclear physics are apparent only
at low energies where the QCD coupling constant is not small. Another expan-
sion parameter is necessary in this energy regime, and an obvious candidate
is energy itself.
The idea of a low-energy expansion is as old as nuclear physics itself. Al-
ready in the 30’s, Bethe and Peierls [?] considered the two-nucleon system in
this light. They based their approach on a previous argument about satura-
tion due to Wigner, that the nuclear potential is of order 100 MeV and thus
much larger than the deuteron binding energy of 2.2 MeV, but has a range R
(’ 1.4 fm) much smaller than the size  of the deuteron (’ 4.4 fm). Bethe and
Peierls reasoned that as a consequence, for distances r such that R < r < ,
only s-waves are important and the sole eect of the potential is to provide an
energy independent boundary condition at r  R. Up to an error of O(R=),
then, the system could be described by a free Schro¨dinger equation with the
boundary condition that the logarithmic derivative of the radial wavefunction
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2is a constant at r = 0. This constant cannot be calculated without detailed
knowledge of the potential, so it was tted to the deuteron binding energy.
If that was all, nothing would have been learned. Bethe and Peierls’ point,
however, was that they could then predict (with a 30% uncertainty) other pro-
cesses |such as pn ! pn, γd ! pn, γd ! γd, and ed ! e0pn| at energies
comparable to the deuteron binding energy.
This approach can be rephrased in an eective eld theory (EFT) language.
At typical momenta Q much smaller than the pion mass m, the relevant
degree of freedom is the nucleon, the important symmetries are parity, time-
reversal and Galilean symmetry, and the appropriate expansion parameter is
Q=m  R=. (Electromagnetic processes can also be considered by adding
the photon, U(1)em gauge invariance, and em to this list.) The most general
Lagrangian involving nucleons only consists of an innite number of terms,
which are quadratic, quartic, ..., in the nucleon elds with increasing num-
ber of derivatives. By dimensional reasons, derivatives come associated with
inverse factors of a mass scale m or greater. Nucleons are non-relativistic
and the corresponding eld theory has nucleon number conservation. The T -
matrix for the two-nucleon system is simply a sum of bubble graphs, whose
vertices are the four-nucleon contact terms that appear in the Lagrangian. For-
mally, this is equivalent to solving a Schro¨dinger equation with a low-energy,
eective potential consisting, schematically, of a sum C0(~r) + C2
00(~r) + :::,
where the Cn’s are the coecients of the contact terms, expected to scale as
Cn  C0=mn. The net eect is thus to replace the \true", possibly compli-
cated potential of range  1=m by a multipole expansion with moments Cn.
Life is somewhat more complicated, however, because this eld theory, like
any other, has to be renormalized. The bubbles are actually ultraviolet di-
vergent, requiring regularization and absorption of the regulator dependence
in renormalized parameters. It is not dicult to show [?] that the eect of
renormalization is to turn the eective potential into a generalized pseudo-
potential, or equivalently, turn the problem into a free one with boundary
conditions at the origin which are analytic in the energy. The rst, energy-
independent term, parametrized by CR0 , is just the one considered by Bethe
and Peierls. Much eort has been spent during the last year in trying to
understand issues related to regularization and ne-tuning of this \pionless"
theory [?].
To the extent that there are no assumptions about the detailed dynamics of
the \underlying" theory, the eective theory cannot be wrong and it is useful
as long as Q m. One may ask how strong this restriction is, however, when
we consider physics of more than two nucleons. Clearly, we can always apply
the pionless theory to suciently low-energy scattering situations, where we
can control the momenta of the initial and nal nucleons. But one noble goal
of nuclear physics is to understand nuclei themselves. Let me use 2mNB=A
as a measure of a typical momentum Q of a nucleon of mass mN in a nucleus
with A nucleons and binding energy B. (Other quantities such as charge radii
3give similar estimates.) Q=m is then about 0.3 for
2H, 0.5 for 3H, 0.8 for 4He,
..., and 1.2 for symmetric nuclear matter in equilibrium. The same argument
that justied the use of a pionless theory for the deuteron now suggests that
understanding the binding of typical nuclei (4He and heavier) requires explicit
inclusion of pions, but not of heavier mesons such as the rho.
Now, we are in luck because QCD does explain the special role of the pion,
and in the process, provides a rationale to treat pion eects systematically.
This procedure goes by the name of Chiral Perturbation Theory (PT); it
will be described briefly in the next section, and exemplied even more briefly
in the simplest case of at most one nucleon in the following section. I then
come to the main portion of this review, where we tackle nuclear forces and
external probes of light nuclei.
EFFECTIVE CHIRAL LAGRANGIAN
Why is the pion special? It is one of the nicest features of QCD that it
provides a scenario where the lightness of the pion results from its (pseudo-)
Goldstone boson nature. Here for simplicity I will limit myself to the case of
two quark flavors.
If the quark masses were zero (\chiral limit"), the QCD Lagrangian would
be invariant under transformations of the group SU(2)L  SU(2)R of inde-
pendent rotations of the quarks’ left- and right-handed components. When
acting on quark bilinears, this chiral symmetry is equivalent to SO(4). A quick
look at the hadronic spectrum convinces us that the chiral limit can only be
phenomenologically relevant if there is spontaneous breakdown of chiral sym-
metry down to its diagonal subgroup, the SU(2)L+R ( SO(3) for bilinears) of
isospin. Although the mechanism of spontaneous breaking is not suciently
understood at the present for a detailed derivation, we know that the eective
QCD potential as a function of four quark bilinears (qγ5iq; qq) has to have
roughly a mexican hat shape, i.e. SO(4) symmetry with minima in a \chiral
circle" away from the origin.
Goldstone’s theorem assures us there is in the spectrum, as a consequence,
a (pseudo-)scalar boson, which corresponds to excitations in the coset space
SO(4)=SO(3)  S3. We call the radius of this \circle" f, which is a function
of QCD that ends up being the pion decay constant ’ 92 MeV. At suciently
low energies it is convenient to assign a eld  to the pion in the eective
Lagrangian. An innitesimal chiral transformation is of the form  !  +
f+ ::: . SO(4) symmetry of the dynamics implies that the Lagrangian will
have a piece that is a function of  only through derivatives of  on the circle,
which are non-linear. The Lagrangian, in principle completely determined
by QCD, has an innite number of terms with arbitrarily high pion self-
interactions, but without a pion mass term.
4We know, however, that not all quark masses are zero. Quark masses gener-
ate two terms in the QCD Lagrangian. One term, mqq with m = (mu+md)=2,
is the fourth component of an SO(4) vector and therefore breaks SO(4) ex-
plicitly down to SO(3) of isospin. It causes a tilt of the eective potential
in the qq direction determined by the small parameter  = m=QCD. The
eective Lagrangian will acquire then a piece that breaks SO(4) explicitly
in the same way as qq. This piece is another innite set of terms that do
depend on  in an isospin invariant way, but are all proportional to powers
of . In particular, m2 / 
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QCD. The other quark mass term,  mq3q with
 = (mu −md)=(mu + md) ’ 1=3, is the third component of another SO(4)
vector and further breaks SO(3) down to U(1)U(1). Likewise, the eective
Lagrangian will inherit yet another innite set of terms, this time that break
isospin as q3q and are, in principle, of order  relative to the isospin conserv-
ing chiral breaking eects. Why isospin breaking is in fact much smaller in
most observables will be explained later.
QCD therefore has all the ingredients to provide a rationale not only for the
special role of the pion, but also for a systematic treatment of its eects: pion
interactions are weak at low energies due to (approximate) chiral symmetry.
We can now formulate an EFT for momenta Q  m  MQCD  m 
mN  4f along the same lines of the pionless case. The extra degrees of
freedom |besides non-relativistic nucleons and photons| are obviously pions
and also non-relativistic delta isobars, since the delta-nucleon mass dierence
m −mN  2m is of the order of the momenta Q we want to consider. The
new and very important symmetry is approximate SU(2)L  SU(2)R. The
expansion parameter is expected to be Q=MQCD |besides em. The most




























Here the C’s are parameters assumed to be natural, i.e. of O(1) |or O(#)
with # a positive integer, in the case of isospin breaking operators originating
in the quark mass dierence.  stands for a nucleon or delta isobar, and
D for a covariant derivative. The interactions are naturally grouped in sets
L() of common index   d + q + n +
f
2
− 2 but arbitrary values of p. For
non-electromagnetic interactions, we nd that   0 only because of chiral
symmetry.
Consider an arbitrary irreducible contribution to a process involving A nu-
cleons and an arbitrary number of pions and photons, all with momenta of
order Q. It can be represented by a Feynman diagram with A continuous
nucleon lines, L loops, C separately connected pieces, and V vertices from
5L(), whose connected pieces cannot be all split by cutting only nucleon lines.
(C = 1 for A = 0; 1; C = 1; :::; A − 1 for A  2. The reason to consider
irreducible diagrams and C > 1 will be discussed in the section on few-
nucleon systems.) It is easy to show [?] that this contribution is typically
of O((Q=MQCD)
), where




Since L is bounded from below (0) and C from above (Cmax), the chiral
symmetry constraint   0 implies that   min = 4−A− 2Cmax for strong
interactions. Leading contributions come from tree diagrams built out of L(0)
and coincide with current algebra. Perturbation theory in Q=MQCD can be
carried out by considering contributions from ever increasing .
Note that this approach is:
(i) systematic. It is a perturbation in the number of loops, deriva-
tives/fermion elds, and many-nucleon eects.
(ii) consistent with QCD. The only (very important) QCD inputs are con-
nement (color singlet elds), symmetries (chiral, ...), and naturalness. QCD
can be represented by a point in the space of renormalized parameters (at
some renormalization scale) of the eective theory. An explicit solution of
QCD (such as from simulations on a lattice) would provide knowledge of the
exact position of this point, and then the eective theory would be completely
predictive. Until such a solution is found |or as a test of QCD after it is
found| we can recourse to tting low-energy experiments in order to de-
termine the region in parameter space allowed on phenomenological grounds.
Even in this case the theory is predictive, because to any given order the space
of parameters is nite-dimensional. After a nite number of experimental re-
sults are used, an innite number of others can be predicted up to an accuracy
depending on the order of the expansion. In practice, because the number of
parameters grows rapidly with the order, model-dependent estimates of pa-
rameters based on specic dynamic ideas |such as saturation by tree-level
resonance exchange| are sometimes used.
(iii) a theory. It is applicable in principle to all low-energy phenomena. I
will in the next section mention some of the highlights of this program for
processes with at most one nucleon, and then most of the rest of the paper is
devoted to nuclear physics per se.
MESON AND ONE-NUCLEON SECTORS
In the case of strong mesonic processes,  = 2+2L+
P
 V  2 with  =
d+n−2 increasing in steps of two. Since Weinberg discovered this systematic
generalization of current algebra [?] and Gasser and Leutwyler implemented it
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